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Abstract

Using the advanced technology developed to visualize the melt-solid interface in low Prandtl number materials,

crystal growth rates and interface shapes have been measured in germanium and lead tin telluride semiconductors

grown in vertical Bridgman furnaces. The experimental importance of using in-situ, real time observations to

determine interface shapes, to measure crystal growth rates, and to improve furnace and ampoule designs is

demonstrated. The interface shapes observed in-situ, in real-time were verified by quenching and mechanically

induced interface demarcation, and they were also confirmed using machined models to ascertain the absence of

geometric distortions. Interface shapes depended upon the interface position in the furnace insulation zone, varied

with the nature of the crystal being grown, and were dependent on the extent of transition zones at the ends of the

ampoule. Actual growth rates varied significantly from the constant translation rate in response to the thermophysi-

cal properties of the crystal and its melt and the thermal conditions existing in the furnace at the interface. In the

elemental semiconductor germanium the observed rates of crystal growth exceeded the imposed translation rate, but

in the compound semiconductor lead tin telluride the observed rates of growth were less than the translation rate.

Finally, the extent of ampoule thermal loading influenced the interface positions, the shapes, and the growth rates.

1. Introduction

1.1. Technology to lqsualize melt-solid interface

To be economically useful, semiconductor

crystals must be of very high purity, available in

preferred crystal habits, and have a high degree

of perfection. Preparing such materials demands

* Corresponding author.

careful control of the conditions of growth includ-

ing the rate of growth and the shape of the

melt-solid interface. These are important factors

that affect the growth conditions in both semicon-

ductors made from pure elements as well as those

prepared from compound alloys. In the latter

material the growth conditions affect the compo-

sitional distribution and the concomitant uni-

formity of the bandgap. To increase the range of

available electronic properties for future applica-

tions, single crystals of ever more complex corn-

0022-0248/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved
SSDI 0022-0248(94 )00431-5
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pound semiconductors will be needed, thus in-

creasing the importance of accurate determina-

tions of crystal growth rates and melt-solid inter-

face shapes.
Witt et al. demonstrated in 1978 that Peltier

pulsing could be successfully used to mark the

melt-solid interface periodically during the

growth of doped semiconductors. This method

requires the post-processing of the grown crystal
in order to make the interface demarcation lines

visible [1].

To better understand the growth process, the
experimental conditions governing growth, and

the relationship between interface shape and

crystal perfection in semiconductors, an advanced
radioimaging technology was developed at the

NASA Langley Research Center to enable the
direct visualization of the melt-solid interface

inside a Bridgman furnace. Semiconductors are

opaque to visible light, and Bridgman furnaces

are constructed from dense materials, which are

also opaque to visible light. To penetrate the
furnace and sample, it is necessary to use X-rays

if the sample is not very dense or to use y-rays if
it is too dense for the lower energy X-rays. In a

series of experiments beginning in 1986, this tech-

nology was developed first using high-contrast

X-ray film, which enabled the interface position
and shape to be determined [2]. The quality of

these images was improved by incorporating im-
age enhancement techniques [3]. The technology

available at that time still required too long a

period to enable the interface position data to be

continuously determined accurately. The expo-
sure time was greatly reduced by incorporating

image intensification technology along with on-

line image enhancement technology finally en-

abling in-situ, real-time images of the interface

position and shape to be obtained. Each image

can now be taken every 10 s, which at a growth

rate of 1 cm/h allows only 28/zm of growth. This
is sufficiently small to allow sharp images of the
interface to be recorded and to allow for the

determination of interface position well within
the resolution of the detector. Kakimoto et al. in

Japan have developed a similar technology for

observing interfaces and fluid flows in silicon

grown in Czochralski furnaces [4,5]. The history

of the development of this direct imaging tech-
nology is summarized in several articles [6].

2. Verification tests of the technology

2.1. Instrumentation tested with known, machined

standard interfaces

This advanced imaging technology was first

tested to verify that the images obtained corre-

sponded to known positions and shapes without
distortions. Calibration standards, which were

fabricated from 250 #m (i.e., 10 mil) diameter

platinum wires placed at right angles and spaced

10.0 mm apart, were used to align the system, to
calibrate it, and to verify the absence of any

distortions. In addition, solids fabricated from

copper and brass alloys were carefully machined,

so that matching interfaces were observed with

this equipment to ascertain that the observed

shapes with cylindrical geometry also exhibited

no distortions. The observed shapes corre-
sponded to the measured physical shapes of the

metal models to within one pixel, which is _+0.13
mm in the vertical.

2.2. Interface shape compared to quenched results

As a further verification of the system, a crys-
tallization run was made on lead tin telluride

quenched at mid growth. The melt-solid inter-

face was observed via radiography during a simi-

lar crystallization. Fig. 1 compares the observed
interface and the quenched one, which was visu-

alized after cutting, polishing, and etching [7]. In

this figure the interface deflection from the

quenched and that for the real-time data are

plotted together as functions of the radial posi-

tion. The non-dimensional interface tempera-

tures for these runs are given in the figure by the

function Tj, which is the ratio of the difference
between the interface temperature and the tem-

perature of the cold zone, T, - T c, and the differ-
ence between the hot and cold zones of the

furnace, T h - Tc.

For these data the fit is good near the edges of

the cylindrical sample, but there is a significant
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Fig. 1. Real-time shapes compared with quenched shapes in

lead tin telluride.

difference between the two interface shapes near
the central core of the sample. This apparent

discrepancy is due to the small amount of rapid

crystal growth that occurs, before interracial

breakdown, during the quenching process. When

the ampoule is suddenly dropped into water to

cool it quickly from about 900°C to room temper-
ature, a small amount of time is required for the
heat to be conducted from the core of the sam-

ple. While this is happening, the observed, small

amount of growth occurs. The melt-solid inter-

face shape observed in situ, in real-time gives a
more accurate representation of the shape during

growth.
As the melt-solid interface moves within the

furnace adiabatic layer, it changes its shape due

to slight changes in the thermal contours at dif-
ferent locations within the furnace. It has been

observed that when the interface is near the

lower, colder zone of the furnace, it assumes a

concave shape. When the interface is near the

upper, hotter zone of the furnace, it assumes a
convex shape. Only when the interface is in the

adiabatic region of the furnace midway between
the hot and cold zones of the furnace does it

assume a flat shape. The change in these thermal

contours is a consequence of the differences in
thermal conductivities of each phase in the hot
and cold zones of the furnace. These thermal

profiles were explained in several publications

[8-18], and they have been observed in additional

quench studies [5,19].

3. Crystal growth results

3.1. Dual nature of the problem

When semiconductors are grown from melts,

their commercial utility is dependent upon their

compositional uniformity and the crystal perfec-

tion. These two properties of the materials de-

pend upon the rate of crystal growth and the

shape of the melt-solid interface during growth.
Slow growth with a flat interface traditionally

results in semiconducting crystals with the most

uniform properties. To better understand those

experimental parameters that influence these two

aspects of growth, the interface was observed
during growth in germanium and in lead tin tel-
luride.

3.2. Rate of growth

Using radioimaging technology the melt-solid

interface is directly observed during crystal

growth, and the actual growth rates of germa-
nium and lead tin telluride were determined. The

data are summarized in Figs. 2, 3, and 4, which

demonstrate that the rate of crystal growth only

approximates the impressed ampoule translation

rate for germanium and lead tin telluride. In the

upper portion of these figures the observed posi-

tions of the melt-solid interfaces are plotted as
functions of time of growth. Since the furnace

and the detection systems are fixed with respect

to each other, the actual crystal growth is the sum
of the ampoule movement and the observed in-
terracial movement within the furnace. Differen-

tiation of these curves gives the rate of growth,

and these instantaneous growth rates are plotted

as functions of total crystal length in the lower

portions of the three Figs. 2, 3, and 4. The actual

growth rate in these semiconductors varies over
the course of the run.

The crystal growth rates illustrated in Fig. 2

reflect the situation occurring from an unseeded
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sample of germanium, which begins its growth
with a first-to-freeze region following a deep su-

percooling. In germanium samples the actual

crystal growth rate always exceeds the translation

rate. Over the course of the experiment, the
melt-solid interface in germanium changes its

position with respect to the furnace gradually

moving toward the upper, hot zone.
The crystal growth rate occurs differently if

the growth begins from a seed, as illustrated in

the two parts of Fig. 3. As with the previous

figure, the upper portion summarizes the inter-
face position as a function of time. The actual

growth rate plotted as a function of crystal length
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Fig. 2. (a) Melt-solid interface position as a function of time

and (b) the actual growth rate as a function of crystal length

in unseeded germanium.
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Fig. 3. (a) Melt-solid interface position as a function of time

and (b) the actual growth rate as a function of crystal length

in seeded germanium.

is shown in the lower portion of Fig. 3. As ex-

pected with seeded growth, the crystal quickly

begins to grow without the extensive period of
supercooling that precedes nucleation. As with

unseeded growth in germanium, the growth rate

exceeds the translation rate, and the interface

position moves up in the insulation zone of the
furnace toward the hot zone.

Similar data recorded for the unseeded growth

of the compound semiconductor lead tin telluride

are shown in Fig. 4. The position versus time data

are in the upper graph, while the growth rate

versus crystal length is in the lower graph of this

figure. This material has a much smaller period
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Fig. 4. (a) Melt-solid interface position as a function of time

and (b) the actual growth rate as a function of crystal length

in unseeded lead tin telluride.

in the solidification temperature, if any, during

the growth.
The objective of the thermally loaded versus

no-loaded runs was to try to hold steady the heat

transfer between ampoule and furnace. An effect

in the direction expected was observed, but the
thermal conductivity for germanium is approxi-

mately an order of magnitude greater than that

for quartz. Thus, the observed difference be-

tween the two types of runs was not as great as

anticipated. Since the thermal conductivity for
lead tin telluride is about that of quartz, there

should not be a significant movement of the in-

terface due to thermal conductivity considera-

tions. There will, however, be a change of posi-
tion due to changes in the melting point. This

happens because tin is selectively excluded during

crystallization of lead tin telluride. The tin con-

centration of the melt slowly increases over the

course of each run, and the melting point de-

creases as growth proceeds [20]. It is important to
observe that, after an initial thermal transient, in

neither material does the crystal growth rate ever

equal the ampoule translation rate any time dur-

ing the run, and the discrepancy is greater in the

growth of germanium than in lead tin telluride.

The advanced radioimaging technology makes de-
tailed observations of melt-solid interface posi-

tions and actual growth rates available to crystal

growers.

3.3. Interface shapes

of supercooling and nucleates more readily than
does germanium under the same crystal growth

conditions. As occurs in the germanium, the ac-

tual crystal growth rate in lead tin telluride varies
over the course of the growth and never equals

the translation rate of the ampoule. Unlike the

situation in the Bridgman growth of germanium,

the growth rate of the compound semiconductor
lead tin telluride is less than the translation rate,

and the melt-solid interface position gradually
moves down toward the cold zone of the furnace.

Interfaces move due to changes in heat transfer

between ampoule and furnace and due to changes

The shape of the melt-solid interface in ger-

manium changes during a crystal growth run.

This is anticipated from the gradual movement of
the melt-solid interface in the insulation zone

during crystal growth. The shapes were observed

in real-time over the course of crystallization in

an ampoule containing germanium, and they are

superimposed together on one graph shown in
Fig. 5. The extent of curvature has been exagger-

ated by being multiplied by ten in this figure, so

that both the curvatures and the interface posi-

tions can be displayed on the same graph. Since

the melt-solid interface in germanium moves to-

ward the upper, hot zone of the furnace as the
crystal grows, the shape of the melt-solid inter-
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Fig. 5. Shape of the melt-solid interface in germanium changes

with the length of the crystal.

face in germanium changes from concave to con-

vex as it migrates from near the cold zone to near

the hot zone in the Bridgman furnace. The curva-

ture approaches a 2 mm deflection in the 16 mm
diameter sample. The melt-solid interface is flat

only near the middle of the isothermal liner, and

the interface is in this position only for a small
portion of the crystallization. These observations

are consistent with other experimental studies

using interface demarcation and with theoreti-

cally predicted shapes [6-18,21]. A comparison of

results from radioimaging and mechanically in-
duced interface demarcations in gallium-doped

germanium, Ge(Ga), demonstrates that the inter-

face positions and shapes from both techniques

are to be superimposed.
These results demonstrate the importance of

using imaging technology to visualize the inter-
face shape and position during crystallization, so
that the furnace conditions and thermal fields

can be adjusted to optimize the region of ideal,
flat shape.

3.4. Furnace design and ampoule thermal loading

This radioimaging technology was also used to

test the effect of the extent of ampoule loading

on the crystallization rate and interface shapes in
germanium. To obtain temperatures during the

crystallization, 0.8 mm OD sheathed, type K ther-

mocouples are bundled and placed in grooves cut
into the 1 mm thick walls of the quartz ampoules.

The thermocouples are cemented in place using

ceramic cement. Fig. 6 shows a photograph of the

heavily loaded and the "no-load" ampoules. Each

germanium sample is 16 mm in diameter and

approximately 8 cm in length. In all experimental
runs the lower isothermal liner was the colder of

the two, and the thermocouples were attached to

the ampoule from the lower end, which passed
through the hotter zone of the furnace. This

array of platinum-clad thermocouples affects the

thermal field in the ampoule, thus altering the

semiconductor growth rates and shapes. To as-

Fig. 6. "Heavily loaded" and "no-load" fused silica ampoules with thermocouples cemented in place. Each ampoule is 16 mm in

diameter.
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Fig. 7. (a) Melt-solid interface position as a function of time

and (b) the actual growth rate as a function of crystal length

in seeded germanium using a high-load ampoule and a no-load

ampoule.

certain the effect of the thermal loading, a series

of experimental runs were made with the normal
heavy loading and with greatly reduced loading
identified as "no load". In the latter case only

one, type K thermocouple was attached to the

ampoule.

Fig. 7 summarizes the observed interface posi-
tion and growth rate data for seeded growth of

germanium in a normal high load ampoule and a

no-load ampoule. In both ampoule configurations

the growth rates were consistently greater than

the translation rates after the initial thermal tran-

sient period. Although the furnace thermal con-

figurations in the two ampoule designs were simi-
lar, the average growth rate in the no-load case

was significantly greater than in the high-load

ampoule. The growth rate in the no-load am-

poule was approximately 60% greater than the
translation rate, while in the high-load ampoule

the growth rate was approximately 40% greater
than the translation rate. The most obvious dif-

ference in growth rates occurred in the last cen-

timeter of crystallization. In the no-load configu-
ration the crystal growth rate increased signifi-

cantly, while in the high-load configuration, it

leveled off. The no-load ampoule also exhibited a

greater variation in growth rate over the course

of the 6 cm of growth than was exhibited in the

high-load case. Finally, the melt-solid interface
shapes also differed in the two ampoule configu-

rations with the high-load one resulting in signifi-

cantly greater interface curvature than the no-load
case.

These data suggest that faster growth with a

greater probability of melt-solid interfaces hav-

ing less curvature occurs in ampoules that are not

carrying high thermal loads such as those from
metal-clad thermocouples and that significant im-

provement in crystal growth may be possible by

slight modifications of ampoule designs [22,23].

4. Conclusion

By using radioimaging technology, direct ob-
servation of the melt-solid interface inside Bridg-

man furnaces is possible throughout the growth.

After testing the technology to be sure that there

were no geometric distortions of distances or

shapes, the technology was used to determine the
interface shapes and crystal growth rates in ger-

manium and lead tin telluride samples. The ac-

tual rates of crystal growth and the interface

shapes were found to exceed the furnace transla-
tion rate in the germanium samples, but to be
less than the furnace translation rate in the lead

tin telluride samples. The interface shape de-

pends upon its position in the furnace, which

changes during the run. Furnace and ampoule
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design affects both the crystal growth rates and

the interface shapes. The flattest interfaces with

the fastest crystal growth rates were obtained

when the ampoules were designed to minimize

the thermal loading resulting from the position-
ing of the thermocouples.

The results of this series of studies demon-

strate the utility and the importance of using
direct observations of melt-solid interfaces to

obtain in-situ, real-time data on crystal growth

rates and interface shapes.
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